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1 Introduction

Potential enhancements to UL control mechanisms for Rel-16 URLLC were discussed at the RAN1 #94 meeting. Some agreed areas for further study include [1]:

Agreements: 
· Study further how to enable more than one PUCCH for HARQ-ACK transmission within a slot.
· Study further whether/how to enable enhanced reporting procedure/feedback for HARQ-ACK.
· Enhanced HARQ-ACK multiplexing on PUSCH and PUCCH
· Finer indication for HARQ feedback timing, e.g. symbol-level, half-slot, etc.

· Note: this may be related to more than one PUCCH for HARQ-ACK tx within a slot

· Other enablers are not precluded
· Study the need for enhanced CSI reporting/measurement mechanisms. E.g.,  
· DMRS based CSI
· A-CSI on PUCCH
· Trigger by DL assignment
· Enhanced CSI reporting mode
· Other approaches are not precluded
It was already agreed to support multiple PUCCHs for HARQ-ACK within a slot with the following conclusions as guideline for detail solution in RAN1#95 meeting [2]:
Conclusion:

For supporting multiple PUCCHs for HARQ-ACK within a slot, companies are encouraged to provide following details when proposing a solution:
· How to separate HARQ-ACK multiplexing windows for different PUCCHs?
· How to indicate the starting symbol of different PUCCHs?
· How to indicate K1, e.g. in unit of slot, half-slot, a number of symbols or symbol?
· How to determine dynamic HARQ codebook?
· How to determine semi-static HARQ-ACK codebook?
· How to configure PUCCH resource sets, e.g. reuse R15 PUCCH resource set configurations or not?
· How to determine PUCCH resource for each PUCCH?
· How to do PUCCH resource overriding for HARQ-ACK multiplexing?
· Maximum number of PUCCH transmissions for HARQ-ACK allowed in a slot?
This contribution addresses the detail solution for multiple PUCCHs for HARQ-ACK within a slot and several potential enablers for Rel-16 URLLC. 
2 Discussion
2.1 Support of multiple PUCCHs for HARQ-ACK within one slot
To support multiple PUCCH for HARQ-ACK within one slot, one simple way is to feedback HARQ-ACK of one PDSCH without multiplexing with HARQ-ACK associated with other PDSCH (per-PDSCH HARQ-ACK feedback). In such case, each DCI indicates a separate PUCCH resource for carrying HARQ-ACK, and it is up to the gNB to ensure there is no overlapping of the PUCCH resources indicated by the different DCIs. An example is shown in Figure 1 for 60 kHz SCS and PDSCH processing capability 2 (N1 = 9).


[image: image1.emf]PDSCH

PUCCH

slot n slot n+1

FDD

TDD


Figure 1 Per-PDSCH HARQ-ACK feedback for FDD and TDD
However, for TDD there can be more PDSCHs requiring HARQ-ACK in the same PUCCH due to limited UL resources base on the number UL-DL switching points within a slot. Even for FDD and considering the PUCCH overhead, gNB can schedule the UE to multiplex HARQ-ACK of two PDSCHs in a PUCCH if some delay is acceptable from the latency requirement of the first PDSCH. In addition, for DL and UL with different numerologies, different PDSCH ending symbols may result in the same starting symbol of PUCCH. 

Hence, for both FDD and TDD, we still need methods to solve the PDSCH grouping to support multiple PUCCHs of HARQ-ACK within one slot. The following two options can be considered:
Option 1 Implicit indication of PDSCH groups

A PUCCH slot may be implicitly partitioned into different time domain regions by the configuration of the PUCCH resources in one or more configured PUCCH resource sets. PUCCH resources in different time domain regions do not overlap, and PUCCH resources configured in the same time domain region overlap with each other. For received PDSCHs with HARQ-ACK timing scheduled for the same PUCCH slot, the HARQ-ACKs are implicitly grouped to different time domain regions based on the PUCCH resource indicated by the PRI values in the associated PDCCHs. That is, the HARQ-ACK of PDSCHs associated with overlapping PUCCH resources belong to the same group and the PRI value in the last received PDCCH within this group is used to determine the transmitted PUCCH resource for the group. An example is shown in Figure 2 for TDD where there are 2 DL slots and one UL slot and the PUCCH resources are partitioned into two half-slots. 
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Figure 2 Time-domain resource based differentiation of multiple HARQ-ACK in a slot
One advantage of this scheme is that there is no change to the Rel-15 PUCCH resource configuration as it is up to the gNB how to configure the starting symbol and duration of PUCCH resources to implicitly indicate the different time regions.
For semi-static HARQ-ACK codebook, since the K1 granularity is unchanged, the R15 procedure can be directly reused. This simplifies the operation by allowing a unified solution for both R15 and R16. A potential drawback is that the codebook size for each PUCCH within a slot is the same since the K1 set is associated with the slot and not the PUCCH occasion within the slot. An extreme case would be when the set of K1 timings is of length 8 while much fewer HARQ-ACK bits are actually multiplexed on a PUCCH resource. This is not a significant impediment for the following reasons:

· Due to end-to-end latency considerations we do not expect a large number of DL slots containing PDSCH scheduled for the same UL slot, i.e. the cardinality of the set of K1 timings is expected to be small. However the codebook size is also dependent on the UE capability to receive more than one unicast PDSCH per slot. One way to reduce the redundancy is to use the fallback mode of semi-static codebook. That is, when DCI format 1_0 is used, and there is only one received PDSCH mapped to one PUCCH region, the UE can determine a single HARQ-ACK bit based on the value of the DAI field. 
· For a smaller codebook size (up to 11 bits) RM coding would be used and there is practically no performance degradation since the gNB has prior information on what bits are valid HARQ-ACK bits. One downside however, is that the UE may need to be provided with a set of PUCCH resources supporting more than 2 UCI bits.
For dynamic HARQ-ACK codebook, the main issue is to determine the last PDCCH for a group in order to determine the codebook size. This is accomplished by receiving two consecutive PDCCHs indicating PUCCH resources in different time domain regions as illustrated in Figure 3.
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Figure 3 Time-domain resource based differentiation of multiple HARQ-ACK in a slot
Option 2 Finer HARQ-ACK timing granularity

An alternative but complementary method to partition the PUCCH slot into different time regions is to use a finer granularity for the K1 timing. For instance the set of K1 timings can be on the order of a half-slot or a quarter-slot, or equivalently two or four mini-slots in a slot respectively. Consider the set of K1 timings {1, 2,…, 8} defined for DCI format 1_0 in Rel-15. If the K1 timing is reduced by 50%, it means that a PDCCH can schedule a PUCCH up to 4 slots after the slot where a PDSCH ends and with a granularity of a half-slot, as shown in Figure 4. 
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Figure 4 Finer granularity based differentiation of multiple HARQ-ACK in a slot
The PUCCH resource sets may be independently configured per mini-slot. Alternatively, the PUCCH resource sets may be configured on slot basis but the start and length of each PUCCH resource may be configured such that they are distributed into each mini-slot similarly to Option 1.
For semi-static HARQ-ACK codebook determination, since the codebook size is partly determined by the K1 set and as the K1 granularity is changed, additional work is needed to determine the codebook. One simple way is to define a relationship between a K1 set of finer granularity and a modified K1 set (denoted as K1’) with slot-based granularity, and then the R15 semi-static codebook determination can be directly reused based on the K1’ set. For example, if we assume granularity of K1 as half slot, and the K1 set is {0,1,2,3,4,5,6,7}, we first define the K1’ set as {0,1,2,3}, where each pair of consecutive indexes in the K1 set maps to the same index in the K1’ set, e.g. {0,1}, {2,3} in K1 set map respectively to {0}, {1} in the K1’ set, since two K1 values with half slot granularity will result in the same DL slot associated with one UL slot, as shown in Figure 5. Then the codebook size is equal to 4 for each PUCCH within slot n+3. For each K1 value within {k, k+1}, the HARQ-ACK position is determined based on K1’=k for both PUCCHs in the first half slot and second half slot respectively. 

For dynamic HARQ-ACK codebook, the same way as K1 translation for semi-static codebook can be used to determine the PDCCH monitoring occasion set associated with each PUCCH within one slot.

The HARQ-ACK timing for Option 2 can be as follows. Consider the case of half-slot granularity and a K1 set, {0,1,2,3,4,5,6,7}. For PDSCH transmission in slot n, the UE should transmits HARQ-ACK in slot n + floor (K1/2), where for an even value of K1, the PUCCH is transmitted in the first half slot and for an odd value of K1 the PUCCH is transmitted in the second half slot as shown in Figure 5.
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Figure 5 HARQ-ACK timing of option 2

A second issue for Option 2 is how to determine whether to apply slot-based (Rel-15) or mini-slot-based granularity and this can be either dynamically or semi-statically signaled to the UE. A dynamic method may be based on the RNTI associated with the PDCCH scheduling the PDSCH or based on the search space where the PDCCH was received. This is suitable if a UE is scheduled with mixed URLLC and non-URLLC traffic since different HARQ timings may be used for different traffic. Alternatively, the UE may be semi-statically configured to apply slot-based or mini-slot-based HARQ timing granularity. However, for a UE supporting both URLLC and non-URLLC traffic, when mini-slot based granularity is configured for such UE, it may not be possible to use mini-slot-based granularity for non-URLLC traffic since it may not cover the processing time requirement of the non-URLLC (e.g. eMBB) scheduling. On the other hand it may be reasonable to assume that for a UE supporting URLLC and non-URLLC traffic the HARQ timing is not expected to be very long even for non-URLLC traffic as the applied UL-DL configuration should ensure sufficient DL-UL switching points to minimize end-to-end latency for URLLC traffic. Another way is to configure sufficiently large values in the mini-slot-based K1 set to cover the HARQ-ACK timing of eMBB, which of course increases the codebook size of URLLC as well due to the unused K1 values.
Based on the above analysis, we slightly prefer option 1 due to less impact on specification and implementation.
Proposal 1: Support implicit indication of separate groups of PDSCHs with HARQ-ACKs multiplexed per group on independent PUCCHs in a slot, where the groups are differentiated by the time domain resource allocation of the PUCCH resources indicated by the PRI in the corresponding PDCCHs.  

Regarding defining a maximum number of PUCCHs conveying HARQ-ACK in a slot, we note that both options involve time domain partitioning of a PUCCH slot into different regions either based on finer HARQ timing granularity or implicit indication of time domain partitions. In principle this is similar to a scenario where PDSCH has a lower SCS compared to the PUCCH SCS. Therefore, at least 4 PUCCHs carrying HARQ-ACK are possible in a slot for FR1. On the other hand it is not necessary to artificially put a limit at this stage until more design details are agreed.

Observation 1: There is no need to put an upper limit on the number of PUCCHs carrying HARQ-ACK in a slot until more design details are agreed and this can be left to a WI phase.

2.2 UCI multiplexing for different traffic types
For a UE scheduled with both URLLC and non-URLLC traffic, both URLLC UCI and non-URLLC UCI may be required in the same slot. Different solutions may be considered.

Solution 1: No prioritization of URLLC UCI 
Whether there is multiplexing of URLLC HARQ-ACK and non-URLLC HARQ-ACK in the same PUCCH depends on the scheduling, and the transmitted PUCCH resource would be the one indicated by the PDCCH scheduling the last received PDSCH with one HARQ-ACK group. 
Consider the example shown in Figure 6. If Option 1 in section 2.1 is used for supporting multiple PUCCH transmissions in one slot, since the PUCCH resource indicated by a DCI scheduling an eMBB PDSCH in slot n-1 and the PUCCH resource indicated by a DCI scheduling a URLLC PDSCH in slot n are overlapped in slot n+1, HARQ-ACKs for eMBB PDSCH and URLLC PDSCH can be multiplexed in PUCCH #2 based on the last PRI within the PDSCH group. If Option 2 in section 2.1 is used for supporting multiple PUCCH transmissions in one slot, the same result can be achieved since half-slot K1 values associated with both the eMBB PDSCH in slot n-1 and the URLLC PDSCH in slot n indicate PUCCH in the first half slot in slot n+1. It is up to the network to ensure that the transmitted PUCCH resource satisfies the URLLC PUCCH reliability. 
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Figure 6 HARQ multiplexing for URLLC and non-URLLC data

Solution 2: Prioritization of URLLC UCI. 
Due to different latency and reliability requirements of different traffic types, URLLC UCI and non-URLLC UCI may be transmitted on separate PUCCHs. This can be accomplished based on the CRC associated with the scheduling PDCCH or based on the search space where the scheduling PDCCH was received. In case of overlapping between eMBB PUCCH and URLLC PUCCH, the Rel-15 UCI multiplexing rules for overlapping PUCCHs may or may not be reused.

Consider the example scenario shown in Figure 6. If there was no URLLC PDSCH in slot n, two non-overlapping PUCCHs may be transmitted in slot n+1 carrying HARQ-ACK for eMBB PDSCH on PUCCH #1 and HARQ-ACK for URLLC PDSCH on PUCCH #3. However, if there is a URLLC PDSCH in slot n indicating a PUCCH resource in slot n+1 (PUCCH #2) that overlaps with the PUCCH carrying eMBB HARQ-ACK (PUCCH #1), eMBB and URLLC HARQ-ACKs can be multiplexed in a single PUCCH resource similar as the UCI multiplexing rule for PUCCHs overlapping in R15. One issue is that the determined PUCCH resource may end later than the initial PUCCH resource for URLLC HARQ-ACK, which increases the latency of URLLC. Secondly, the code rate corresponding to the total HARQ-ACK payload may exceed the target code rate for URLLC HARQ-ACK. Dropping the non-URLLC HARQ-ACK can be considered if multiplexing of URLLC and non-URLLC HARQ-ACKs would exceed the target code rate and/or if the last symbol of the determined PUCCH resource for HARQ-ACK multiplexing is later than X symbols after the last symbol of the initial PUCCH resource for the URLLC HARQ-ACK. X can be configured by RRC or fixed by specification.
Considering different traffics have different requirements, it is better to have separate UCI transmission for URLLC and non-URLLC traffics. Hence, we prefer approach 2 with additional consideration of dropping non-URLLC UCI to ensure the latency and reliability of URLLC UCI when there is overlapping of URLLC and non-URLLC UCI.
Observation 2: URLLC UCI and non-URLLC UCI could be transmitted on separate PUCCHs.
Proposal 2: In case of overlapping between PUCCHs carrying non-URLLC HARQ-ACK and URLLC HARQ-ACK, the non-URLLC HARQ-ACK could be dropped under the following conditions:

· If multiplexing of URLLC and non-URLLC HARQ-ACKs would exceed the target code rate of URLLC PUCCH and/or if the last symbol of the determined PUCCH resource for HARQ-ACK multiplexing is later than X symbols after the last symbol of the initial PUCCH resource for the URLLC HARQ-ACK.
2.3 CSI feedback enhancements
In NR Rel-15, A-CSI reporting on PUCCH was discussed for low latency, but it is assumed sufficient to use A-CSI reporting on short PUSCH such as 2-symbol PUSCH to enable fast link adaptation. In NR Rel-16, it was observed that at least for URLLC, where PDCCH overhead may be a concern due to likely utilization of higher aggregation levels, signaling an A-CSI request in a DCI format is not very efficient when there is no UL data to multiplex on the PUSCH. Therefore, A-CSI transmission on PUCCH should be further studied. 
Both unicast and group-common DCIs have been mentioned as signaling candidates. A group-common DCI may seem like an efficient way to simultaneously trigger A-CSI from several UEs but this benefit is questionable. For bursty traffic, where A-CSI is likely to be beneficial, packet arrivals are independently distributed across UEs and the A-CSI may only be needed for very few UEs at any given time. Based on the low resource utilization it is simpler to piggyback the A-CSI triggering in a DCI scheduling unicast data.
Proposal 3: A DCI scheduling unicast PDSCH can be used to trigger A-CSI on PUCCH.
To support DL DCI triggering A-CSI on PUCCH, one important question that arises is whether to multiplex HARQ-ACK for the PDSCH and the A-CSI on the same PUCCH. We consider two alternatives as below:
· Alt 1:  Joint feedback of HARQ-ACK and A-CSI
In this alternative, A-CSI triggered by a DCI uses the same PUCCH resource as HARQ-ACK for PDSCH scheduled by the same DCI. If multiple HARQ-ACKs are multiplexed in a PUCCH, the UE and gNB may have different understanding on the codebook size if the DCI indicating A-CSI is missed by the UE. As an example shown in figure 7, if PDSCH in slot n/n+1/n+2/n+3 all feedback HARQ-ACK in one PUCCH in slot n+4 and only the DCI in slot n+1 triggers A-CSI, UE will feedback only HARQ-ACK information if it misses the DCI in slot n+1 but the gNB will assume both HARQ-ACK and CSI are transmitted on PUCCH in slot n+4. To resolve the issue, gNB can indicate different PUCCH resources in DCI with A-CSI triggering and DCI without A-CSI triggering. Then if UE misses the DCI triggering A-CSI, gNB can perform a blind detection on different PUCCH resources. Alternatively, if the gNB triggers A-CSI in DL DCI, it sets the same value for the A-CSI trigger field in subsequent DCIs scheduling PDSCHs with HARQ-ACKs multiplexed in the same PUCCH to reduce the possibility of UE missing the DCI triggering A-CSI.
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Figure 7 Multiple DL DCI trigger A-CSI on one PUCCH
· Alt 2: Separate feedback of HARQ-ACK and A-CSI
DCI should indicate PUCCH resource and feedback timing for HARQ-ACK and A-CSI separately. Additional bits should be included in DCI to indicate PUCCH resource and timing for A-CSI. Furthermore, although A-CSI has different PUCCH resource with HARQ-ACK for PDSCH scheduled by the same DCI, it is possible that the A-CSI overlapping with HARQ-ACK for PDSCH scheduled by other DCI, we need to further consider how to resolve the overlapping cases.

Compare the above two alternatives, it is preferred to use Alt 1 since it avoids the case of overlapping PUCCH resources for A-CSI and HARQ-ACK.
Proposal 4: If DL DCI schedule a PDSCH and trigger A-CSI report, HARQ-ACK for the PDSCH and the A-CSI are multiplexed on the same PUCCH.
The A-CSI measurement can be performed by relying either on the transmission of CSI-RS or based on PDSCH/PDCCH DMRS. Using DMRS could reduce the RS overhead, and CSI processing timeline can also be reduced. Moreover it may not be possible to multiplex HARQ-ACK and CSI on the same PUCCH resource based on CSI-RS. But one drawback of using DMRS is that the gNB only gets CSI corresponding to the PDSCH bandwidth, which may be small, compared to the BWP size. Secondly, DMRS is precoded together with data so the measured CSI may be biased towards a certain beam direction. 
In Rel-15, multiple CSI triggering states are configured by RRC signaling and DCI format 0_1 indicates a CSI trigger state. The CSI triggering state also includes the CSI-RS triggering offset between the PDCCH and CSI-RS. If we consider CSI-RS can be used for CSI measurement for A-CSI triggered by DL DCI, and if there are multiple DCIs triggering an A-CSI report on a PUCCH as previously described, how to determine the CSI-RS resource should be considered. As an example shown in figure 8, all the PDCCHs in slot n, slot n+1, slot n+2 and slot n+3 indicate A-CSI is triggered in slot n+4. Two options can be considered for CSI-RS slot determination:
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Figure 8 Multiple DLDCI trigger A-CSI on one PUCCH
· Option 1: Based on PUCCH slot with A-CSI and a slot offset between CSI-RS and PUCCH
· Option 2: Based on the slot containing the PDCCH and a slot offset between the PDCCH and CSI-RS
For option 1, both gNB and UE determine the CSI-RS resource based on the PUCCH slot with A-CSI. A slot offset X between CSI-RS and PUCCH can be configured or predefined. The gNB transmits CSI-RS in the last valid slot which is X slots before the PUCCH slot. As the example in figure 8, assuming the slot offset X=1, then for PUCCH in slot n+4, the gNB transmits CSI-RS only in slot n+3.
Option 2 is a similar mechanism as Rel-15, wherein a DCI triggering an A-CSI report on a PUCCH also indicates the slot containing the associated CSI-RS. One issue can be observed if multiple DCIs trigger corresponding CSI-RS resources in order to avoid the case of missing PDCCH carrying CSI as earlier described. This scheme is clearly inefficient in this case since the UE only needs one CSI-RS resource to perform the CSI measurement.  
Option 1 is preferred since it avoids large CSI-RS overhead.
Proposal 5: If a DCI scheduling PDSCH can also trigger A-CSI on PUCCH in Rel-16, and CSI-RS is used for A-CSI measurement, the position of the CSI-RS resource is determined as a slot offset with respect to the PUCCH.
3 Conclusion
This contribution discussed possible PHY enhancements to adequately support Rel-16 URLLC use cases. A few observations and proposals are as follows:
Observation 1: There is no need to put an upper limit on the number of PUCCHs carrying HARQ-ACK in a slot until more design details are agreed and this can be left to a WI phase.

Observation 2: URLLC UCI and non-URLLC UCI could be transmitted on separate PUCCHs.

Proposal 1: Support implicit indication of separate groups of PDSCHs with HARQ-ACKs multiplexed per group on independent PUCCHs in a slot, where the groups are differentiated by the time domain resource allocation of the PUCCH resources indicated by the PRI in the corresponding PDCCHs.  

Proposal 2: In case of overlapping between PUCCHs carrying non-URLLC HARQ-ACK and URLLC HARQ-ACK, the non-URLLC HARQ-ACK could be dropped under the following conditions:

· If multiplexing of URLLC and non-URLLC HARQ-ACKs would exceed the target code rate of URLLC PUCCH and/or if the last symbol of the determined PUCCH resource for HARQ-ACK multiplexing is later than X symbols after the last symbol of the initial PUCCH resource for the URLLC HARQ-ACK.

Proposal 3: A DCI scheduling unicast PDSCH can be used to trigger A-CSI on PUCCH.
Proposal 4: If DL DCI schedule a PDSCH and trigger A-CSI report, HARQ-ACK for the PDSCH and the A-CSI are multiplexed on the same PUCCH.
Proposal 5: If a DCI scheduling PDSCH can also trigger A-CSI on PUCCH in Rel-16, and CSI-RS is used for A-CSI measurement, the position of the CSI-RS resource is determined as a slot offset with respect to the PUCCH.
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